Introduction {#s1}
============

As of 2010 more than one-third of Americans were defined as obese [@pone.0079980-Ogden1]. Obesity is one of the leading risk factors for developing Metabolic Syndrome which comprises dangerous co-morbidities including insulin resistance, hypertension, and dyslipidemia. It has been well documented that chronic low-grade inflammation and decreases in energy expenditure provide a signaling cascade through which these symptoms emerge [@pone.0079980-Civitarese1], [@pone.0079980-Monteiro1]. In particular, adipose tissue is one of the principal sites of inflammation and mitochondrial dysfunction which promotes insulin insensitivity and metabolic dysregulation downstream of obesity [@pone.0079980-Bournat1], [@pone.0079980-Xu1].

TSPO, or translocator protein, is an 18 kDa outer-mitochondrial membrane transporter which has many functions including participation in the mitochondrial permeability transition pore, regulation of reactive oxygen species (ROS) production, apoptosis, production of cellular energy, and is the rate-limiting step in the uptake of cholesterol, and thus, steroidogenesis [@pone.0079980-Batarseh1]. Global knockout of TSPO protein in mice is embryonic lethal suggesting it is essential for mitochondrial function [@pone.0079980-Papadopoulos1]. TSPO expression is highly up-regulated in activated microglia in the CNS as well as macrophages in the periphery during the inflammatory response [@pone.0079980-Venneti1], [@pone.0079980-vanderLaken1]. Furthermore, TSPO is also dysregulated during disease pathologies such as cancer which involve changes in cellular energy demands [@pone.0079980-Batarseh1]. This has led to the emergence of positron emission tomography (PET) using TSPO ligands as a reliable biomarker used for noninvasive imaging in disease pathologies such as Alzheimer's disease and cancer in both animals and humans [@pone.0079980-Buck1], [@pone.0079980-Owen1].

While TSPO expression is highest in steroidogenic tissues, several studies in rodents have revealed changes in TSPO expression in metabolic tissues such as liver, heart, and brown adipose tissue (BAT) [@pone.0079980-DimitrovaShumkovska1], [@pone.0079980-Hirsch1], [@pone.0079980-Wang1]. Studies in 3T3-L1 and SW872 preadipocyte cell lines have shown that TSPO expression is increased during adipocyte differentiation but then decreases during the maturation phase [@pone.0079980-Campioli1], [@pone.0079980-Wade1]. A study of white adipose tissue (WAT) in rats also suggested that TSPO can be up-regulated in response to a stressful stimulus [@pone.0079980-Campioli2]. These studies, coupled with the finding that rats provided a high-fat, high-cholesterol (HFHC) diet have decreased TSPO binding capacity in the liver and heart [@pone.0079980-DimitrovaShumkovska1], prompted us to determine whether obesity also regulates TSPO expression in WAT and BAT. Given the roles of TSPO in mitochondrial function and its up-regulation in activated macrophages, combined with the known effects of obesity on mitochondrial dysfunction and inflammation in mice and humans, we hypothesized that TSPO levels would be dysregulated in adipose tissue by obesity. Herein, we provide data from two mouse models, diet-induced obese (DIO) and melanocortin 4 receptor knockout mice (MC4R^−/−^; [@pone.0079980-Huszar1]), which reveal that TSPO gene expression and protein density decrease in WAT and BAT as a function of obesity.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All experiments were approved by and carried out in strict accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University Medical Center (Protocol Number M/09/034). At the time of sacrifice, animals were euthanized with an overdose of isoflurane to minimize suffering followed by decapitation.

Animal Studies {#s2b}
--------------

The animals used in the experiments were male C57BL6/J (Stock no. 000664, Jackson Laboratory, Bar Harbor, ME) or male melanocortin 4 receptor knockout mice (MC4R^−/−^) on a C57BL6/J genetic background, obtained from a colony maintained at Vanderbilt University which were derived from the original founders [@pone.0079980-Huszar1]. Animals were housed at 21±2°C under a 12 hour light/dark cycle in a sterile barrier facility. For DIO studies, beginning at 8 weeks of age, mice (n = 7--8) were provided *ad libitum* high-fat diet (HFD; 60% kcal from fat, Cat. no. D12532, Research diets Inc., New Brunswick NJ) or maintained on standard laboratory chow (13% kcal from fat, PicoLab Rodent Diet 20, LabDiet, PMI Nutrition International, St. Louis, MO) for 19 weeks, and body weights were recorded weekly. Male MC4R^−/−^ and wild-type littermate controls (MC4R^+/+^; n = 6/group) were maintained on *ad libitum* standard chow until 34 weeks of age. At the time of euthanasia, body composition was determined for all mice using the Bruker nuclear magnetic resonance (NMR) imaging unit in the Vanderbilt Mouse Metabolic Phenotyping Center (MMPC) which revealed comparable increases in fat mass between the two obesity models compared to their respective controls ([Table 1](#pone-0079980-t001){ref-type="table"}). After deep euthanasia to minimize suffering, animals were rapidly perfused transcardially with 0.9% saline and the two pads of epididymal WAT and interscapular BAT removed, frozen on dry ice, and then stored at −80°C.
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###### Body composition of diet-induced obese and MC4R^−/−^ mice utilized in radioligand binding studies compared to their respective lean controls.

![](pone.0079980.t001){#pone-0079980-t001-1}

                        Lean        Obese        *p*      MC4R^+/+^    MC4R^−/−^      *p*
  ----------------- ------------ ------------ ---------- ------------ ------------ ----------
  Body weight (g)    30.20±0.34   46.28±0.73   \<0.0001   26.42±0.52   47.97±1.58   \<0.0001
  Muscle mass (g)    23.50±0.42   26.84±0.56    0.0005    20.27±0.18   28.34±0.72   \<0.0001
  Fat mass (g)       2.13±0.34    15.80±0.51   \<0.0001   2.25±0.26    15.57±0.85   \<0.0001

Data are presented as mean ± standard error of the mean (s.e.m.). Statistical significance was taken and *p*\<0.05 as determined by unpaired t-test. g = grams.

For the fasting experiment, individually housed 13--20 week old male C57BL6/J mice were euthanized as described above after 17 hours of fasting with control animals fed ad libitum (n = 13--14/group). For cold exposure studies, 21--25 week old male C57BL6/J mice were individually housed for 3 days prior to undergoing 4 hours of exposure to temperatures between 4--8°C in a refrigerated incubator (Powers Scientific, Inc.; Pipersville, PA) or held at room temperature (22°C) as a control (n = 8--9/group). Mice were then euthanized followed by transcardial perfusion and tissue collection as described for the DIO and MC4R^−/−^ studies.

The PK11195 treatment experiment was performed as previously described by Gut and colleagues [@pone.0079980-Gut1]. 8--10 week-old male mice were injected with vehicle (1.8% DMSO) or 5 mg/kg body weight PK11195 (Sigma-Aldrich, cat \# C0424) at 8 a.m. and 2 p.m. Although animals do not usually consume much during the light period (7 am to 7 pm) food was withdrawn from the animals after the first injection to control for intake-associated variations in metabolic genes. Mice were euthanized at 4 p.m. and epididymal WAT collected and stored at −80°C until use.

Histopathology and Immunohistochemistry (IHC) of Adipose Tissue {#s2c}
---------------------------------------------------------------

Epididymal WAT and interscapular BAT were dissected from DIO mice and fixed for 24 hours in neutral buffered formalin followed by paraffin embedding, sectioning, and hematoxylin and eosin (H&E) staining by the Translational Pathology Shared Resource at Vanderbilt University Medical Center. Sections were viewed and imaged using brightfield microscopy (AxioImager Z1, Zeiss, Thornwood, NY). For immunohistochemical staining, epididymal WAT from MC4R^−/−^ and their wild-type littermates (MC4R^+/+^) (n = 3/genotype) was fixed in 1% paraformaldehyde, as previously described [@pone.0079980-Lumeng1]. Briefly, after fixation, adipose pieces were incubated in blocking solution (1∶5 Horse serum \[Pel-Freeze Arkansas\] in PBS +0.3% triton) for one hour followed by overnight incubation in primary antibodies diluted in blocking solution at 4°C. Primary antibodies used were raised against TSPO (1∶250, rabbit monoclonal, Cat \# ab109497, Abcam, Cambridge, MA) and the macrophage marker F4/80 (1∶250, rat monoclonal, Cat \# ab6640, Abcam, Cambridge, MA). The WAT was then incubated in fluorescence-conjugated secondary antibodies, Alexa 488 anti-rabbit and Alexa 568 anti-rat (1∶1000, Invitrogen, Eugene, OR). Imaging with laser confocal microscopy (Zeiss LSM 710, Carl Zeiss International, Germany) was performed in the Cell Imaging Shared Resource at Vanderbilt Medical Center. Images shown are representative of three independent fields examined from each animal.

Real-time PCR {#s2d}
-------------

RNA was extracted from adipose tissue using Trizol (Invitrogen Inc., CA) followed by analysis on a NanoDrop ND-1000 spectrophotometer (ThermoScientific, Wilmington, DE) for concentration and purity determination. One microgram of RNA was digested with DNase (Promega, Madison, WI) to remove potential contaminating genomic DNA, followed by reverse transcription (iScript, Bio-Rad Inc., Hercules, CA) to synthesize cDNA according to manufacturer's instructions. Quantitative real-time PCR was then performed using TaqMan Universal PCR Master mix (Applied Biosystems, Branchburg NJ) and TaqMan gene expression assay primer probes (Applied Biosystems, Foster City, CA) for TSPO (Mm00437828); peroxisome proliferator-activator receptor coactivator α (PGC1α; Mm00447183); F4/80 (Mm00802529); uncoupling protein 1 (UCP1; Mm01244861); sterol regulatory element binding transcription factor 1 (Srebf1; Mm00550338_m1); phosphoenolpyruvate carboxykinase (pck1; Mm00440636_m1); hormone sensitive lipase (Lipe; Mm00495359_m1); GAPDH (Mm99999915); and β-actin (Cat\# 4352341E). A C1000 thermal cycler (CFX96 Real-Time System, Bio-Rad, Hercules, CA) in the Vanderbilt Molecular Cell Biology Resource Core was used with the following cycling conditions: 2 minutes at 50°C, 10 min at 95°C, followed by 40 cycles of 15 seconds at 95°C then 1 minute at 60°C. Cycle threshold values (Ct) values analyzed with CFX Bio-Rad software were used to determine relative quantification (RQ) values of gene expression for each gene by the ΔΔCt method. Actin or GAPDH were used as housekeeping genes. Due to limited amount of tissues, real-time PCR was performed on separate cohorts of lean (n = 10) and DIO (n = 9) mice than those used in binding studies.

Preparation of Tissue Extracts for Ligand Binding Studies {#s2e}
---------------------------------------------------------

Frozen WAT and BAT samples were homogenized in a 15 mL glass dounce homogenizer (Wheaton) on ice with 2.0 mL homogenizing buffer (final concentrations of 0.32 M Sucrose \[Sigma-Aldrich, St. Louis, MO\], 1 mM EDTA \[Cellgro, Manassas, VA\], 10 mM Tris-HCl pH 7.8, 1∶500 protease inhibitor cocktail \[Sigma-Aldrich, St. Louis, MO\]) per 200 mg tissue. A loose pestle (Wheaton) was used to break up the tissue followed by several strokes with the tight pestle (Wheaton). For whole lysate, 400 µL of homogenate was spun at 5,000 g at 4°C for 10 minutes followed by re-suspension of the pelleted material in homogenizing buffer and storage at −80°C. Mitochondrial extractions were performed on the remainder of the tissue homogenates based on methods previously reported in the literature [@pone.0079980-Wieckowski1]. The homogenate was spun at 1000 g for 10 minutes at 4°C to yield the first nuclear fraction (pelleted material). The supernatant was spun again at 1000 g for 10 minutes at 4°C to yield the second nuclear fraction. The supernatant was spun at 13000 g for 20 minutes at 4°C to yield the crude mitochondrial pellet. The resulting pellet was re-suspended in homogenizing buffer and spun at 13000 g for 10 minutes at 4°C resulting in the final mitochondrial fraction. Nuclear and mitochondrial fractions were re-suspended in homogenizing buffer and stored at −80°C. Protein concentrations were determined with Pierce BCA Protein assay kit (Thermoscientific, Rockford, IL) and absorbance at 562 nm analyzed by a plate reader (Spectramax M5, Molecular Devices, Sunnyvale, CA).

TSPO Ligand Binding Assay to Determine Relative TSPO Expression {#s2f}
---------------------------------------------------------------

To assess relative TSPO protein expression, binding of ^3^H-PK11195 (specific activity = 85.7 Ci/mmol, PerkinElmer, Boston, MA) was quantified in mitochondrial extracts from obese mice as compared to lean controls. 20--40 µg of mitochondrial extracts diluted in 1X PBS (total volume 100 µL) were loaded into 24-well plates and allowed to incubate with 6 nM ^3^H-PK11195 for 2 hours at 4°C with gentle shaking. Bound fractions were then harvested by vacuum filtration through Whatman GF/B filter paper (FP100, Fisher Scientific, Hanover Park, IL) with a Brandel harvester (model M-24TI, Gaithersburg, MD). Filters were washed 5--6 times with 1X PBS, and then collected into vials containing 4 mL of scintillation fluid. Radioactive counts were determined by a Beckman LS 6500 scintillation counter (Beckman Coulter, Inc., Brea, CA). Counts in cpm were converted to fmol using the specific activity and scintillation counter efficiency, and then normalized by the amount of total protein loaded. Specific binding was determined by subtracting the nonspecific binding (binding in the presence of excess unlabeled PK11195 \[10 µM, Sigma-Aldrich, St. Louis, MO\]) from the total binding.

Homologous Competition Binding Assay {#s2g}
------------------------------------

Homologous competition binding assays (radioligand and unlabeled ligand are identical compounds) can be used in place of saturation binding assays to determine both affinity of the ligand for the binding site (as related by K~d~ value or equilibrium dissociation constant), and number of binding sites (Bmax) [@pone.0079980-Wiener1]. Assays were performed as described above but with ^3^H-PK11195 at a concentration of 1 nM incubated with varying concentrations of unlabeled PK11195 (10 pM --10 µM) to establish K~i~, (equilibrium dissociation constant) an indication of affinity, and Bmax. The generated curve established the IC~50~ concentrations (concentration of unlabeled drug at which half the specific binding is blocked) which could then be related to the K~i~ by the Cheng-Prussoff equation [@pone.0079980-Cheng1]. Since our competition binding assays were homologous (the radioligand and the cold ligand were tritiated and non-tritated versions of the same compound), the assumption can be made that the radioligand and unlabeled ligand have equal affinities, and thus, the K~i~ can be related to the K~d.~

Statistical Analysis {#s2h}
--------------------

All data were expressed as means ± standard error of the mean (s.e.m.). Differences between lean and obese groups were analyzed by unpaired *t*-test using GraphPad Prism version 5.4 software (GraphPad software, San Diego, CA). Statistical significance was considered to be *p*\<0.05, and is indicated on each figure accordingly. Competition curves were analyzed using a one-site homologous recombination model using GraphPad Prism version 5.4 software (GraphPad software, San Diego, CA).

Results {#s3}
=======

TSPO Gene Expression and Ligand Binding are Decreased by Obesity in White and Brown Adipose Tissue {#s3a}
--------------------------------------------------------------------------------------------------

After 19 weeks on a HFD, DIO mice had significantly increased total body weight (35% increase; *p*≤0.0001), fat mass (86% increase; *p*≤0.0001), and to a lesser extent muscle mass (12% increase; *p* = 0.0005), as compared to their lean controls ([Table 1](#pone-0079980-t001){ref-type="table"}). Using H&E staining we confirmed that WAT from DIO mice had hypertrophic adipocytes ([Fig. 1A, right panel](#pone-0079980-g001){ref-type="fig"}) compared to lean controls ([Fig. 1A, left panel](#pone-0079980-g001){ref-type="fig"}). Furthermore, we saw the presence of macrophage crowning structures [@pone.0079980-Cinti1], around smaller adipocytes in the DIO animals as indicated by the arrows in [Fig. 1A](#pone-0079980-g001){ref-type="fig"}.

![TSPO is down-regulated by diet-induced obesity in white adipose tissue.\
A) H&E staining of white adipose tissue (WAT) from lean and diet-induced obese (DIO) mice revealed larger, hypertrophic adipocytes in obese tissue surrounded by "crowning" macrophages (indicated by arrows). B) TSPO mRNA was significantly lower in DIO WAT than controls as was PGC1α (C), a positive control for mitochondrial dysfunction. D) Binding of TSPO ligand ^3^H-PK11195 in WAT mitochondrial extracts revealed significantly lower expression of TSPO binding sites in DIO mice as compared to lean controls. Data are expressed as mean ± standard error. n = 6--8. Statistical significance of \*\*\**p*≤0.001 was determined by unpaired t-test. Scale bar = 100 µm.](pone.0079980.g001){#pone-0079980-g001}

Considering that TSPO is critical for mitochondrial function, we hypothesized that TSPO expression would also be altered as a result of the known mitochondrial dysfunction in DIO WAT. Using quantitative real-time PCR we measured *TSPO* mRNA levels in whole WAT and found a 90% reduction in DIO animals compared to the lean controls ([Fig. 1B](#pone-0079980-g001){ref-type="fig"}; *p*≤0.001). As peroxisome proliferator-activator receptor coactivator (PGC1α) strongly induces mitochondrial biogenesis [@pone.0079980-Scarpulla1], we measured its gene expression in adipose tissue as a positive control for mitochondrial dysfunction. In agreement with published literature [@pone.0079980-Semple1], our data shows that *PGC1α* gene expression decreased by 87% in whole WAT from DIO mice ([Fig. 1C](#pone-0079980-g001){ref-type="fig"}; p≤0.001) as compared to lean standard chow fed controls. To determine whether the decrease in *TSPO* gene expression was merely a function of reduced mitochondrial number, we next performed TSPO ligand binding assays on WAT mitochondrial extracts with ^3^H-PK11195 to determine the relative number of TSPO ligand binding sites. Nonspecific binding in the presence of excess unlabeled PK11195 (10 µM) was 25% of the total binding and was subtracted to obtain the specific binding. The average specific binding of ^3^H-PK11195 in DIO WAT was 40% lower than the lean standard chow controls ([Fig. 1D](#pone-0079980-g001){ref-type="fig"}; *p*≤0.001) suggesting a change in the number of TSPO ligand binding sites on the mitochondrial membrane.

Brown adipose tissue, the more thermogenic and mitochondrial dense of the two adipose tissues, releases energy as heat via the action of uncoupling protein-1 (UCP1) which uncouples oxidative phosphorylation from ATP synthesis [@pone.0079980-Stephens1]. Like WAT, BAT is rendered dysfunctional in obesity with enlarged adipocytes and increased lipid droplet size [@pone.0079980-Cinti2]) which we confirmed using H&E staining in our cohort of DIO mice ([Fig. 2A](#pone-0079980-g002){ref-type="fig"}). As seen in WAT from the same animals, *TSPO* gene expression in BAT was decreased by 32% ([Fig. 2B](#pone-0079980-g002){ref-type="fig"}, *p*\<0.05) compared to controls on standard chow. Mitochondrial biogenesis was also reduced in BAT of DIO mice compared to standard chow controls as demonstrated by a 31% reduction in *PGC1α* gene expression ([Fig. 2C](#pone-0079980-g002){ref-type="fig"}; p\<0.05). The relative TSPO ligand binding performed with ^3^H-PK11195 on BAT mitochondrial extracts revealed a 7% decrease in specific binding in DIO tissues compared to controls ([Fig. 2D](#pone-0079980-g002){ref-type="fig"}; p\<0.05). Nonspecific binding in the presence of excess unlabeled PK11195 (10 µM) was 5% of the total binding and was subtracted to obtain the specific binding.

![TSPO is down-regulated by diet-induced obesity in brown adipose tissue.\
A) H&E staining of brown adipose tissue (BAT) from diet-induced obese (DIO) mice revealed increased fat storage and hypertrophic adipocytes as compared to lean controls. B) TSPO mRNA was significantly lower in DIO BAT than controls as was PGC1α (C). D) Binding of TSPO ligand ^3^H-PK11195 in BAT mitochondrial extracts revealed significantly lower expression of TSPO binding sites in DIO mice as compared to controls. Data are expressed as mean ± standard error. n = 7--10. Statistical significance of \**p*\<0.05 was determined by unpaired t-test. Scale bar = 100 µm.](pone.0079980.g002){#pone-0079980-g002}

To determine whether this regulation of TSPO expression within mitochondria is specific to diet-induced obesity, we measured relative TSPO ligand binding using ^3^H-PK11195 in mitochondrial extracts from WAT and BAT from MC4R^−/−^ mice, a genetic model of obesity, as compared to their wild-type littermate controls. At 34 weeks, MC4R^−/−^ mice had significant increases in total body weight (45% increase; *p*\<0.0001), fat mass (86% increase; *p*\<0.0001), and muscle mass (29%; *p*\<0.0001) compared with wild-type (MC4R^+/+^) littermates ([Table 1](#pone-0079980-t001){ref-type="table"}). As seen in the DIO mice, MC4R^−/−^ animals had significantly lower levels of ^3^H-PK11195 binding in both WAT (34% decrease, [Fig. 3A](#pone-0079980-g003){ref-type="fig"}; *p*\<0.01) and BAT mitochondrial extracts (9% decrease, [Fig. 3B](#pone-0079980-g003){ref-type="fig"}; *p*\<0.05), though the difference was not as pronounced as in the DIO model.

![TSPO is down-regulated in white and brown adipose tissue of MC4R^−/−^ mice.\
Binding of TSPO ligand ^3^H-PK11195 in (A) white adipose tissue (WAT) and (B) brown adipose tissue (BAT) mitochondrial extracts revealed significantly lower expression of TSPO binding sites in MC4R^−/−^ mice as compared to wild-type littermate controls (MC4R^+/+^). Data are expressed as mean ± standard error. n = 5--6. Statistical significance of \**p*\<0.05 and \*\**p*\<0.01 was determined by unpaired t-test.](pone.0079980.g003){#pone-0079980-g003}

Obesity is Associated with Increased TSPO Expression in White Adipose Tissue Macrophages {#s3b}
----------------------------------------------------------------------------------------

We next sought to determine which cell types within the adipose tissue expressed TSPO and whether this expression pattern is altered as a function of obesity. We thus employed immunohistochemistry on whole pieces of fixed WAT from MC4R^−/−^ mice and wild-type littermate controls (MC4R^+/+^; [Fig. 4A](#pone-0079980-g004){ref-type="fig"}). TSPO immunoreactivity (green) was seen in adipocytes in both lean MC4R^+/+^ and their obese MC4R^−/−^ littermates. In the obese MC4R^−/−^ animals TSPO-immunoreactivity (green; bottom panel) was also seen in F4/80 immunoreactive cells (red) forming "crown-like" structures surrounding adipocytes (merged image, bottom panel). The increased F4/80 immunoreactivity was confirmed by quantitative real-time PCR data demonstrating a statistically significant 10-fold increase in F4/80 gene expression (*p*≤0.001) in obese MC4R^−/−^ mice compared to lean MC4R^+/+^ controls ([Fig. 4B](#pone-0079980-g004){ref-type="fig"}). Also in agreement with DIO mice, and TSPO ligand binding data, MC4R^−/−^ mice had significantly lower levels of TSPO gene expression in whole WAT (63% decrease, [Fig. 4C](#pone-0079980-g004){ref-type="fig"}; *p*\<0.05).

![TSPO is expressed in adipocytes and white adipose tissue macrophages.\
TSPO (green) and macrophage marker F4/80 (red) co-localize in cells surrounding adipocytes in MC4R^−/−^ WAT (Overlay, bottom panel). F4/80 mRNA levels were significantly higher (B) and TSPO significantly lower (C) in MC4R^−/−^ mice as compared to their lean MC4R^+/+^ littermates. Data are expressed as mean ± standard error (panels B and C). n = 7--8 (panels B and C). Statistical significance of \*p\<0.05 and \*\*\**p*\<0.001 was determined by unpaired t-test. Scale bar = 50 µm.](pone.0079980.g004){#pone-0079980-g004}

Obesity Regulates the Total Number of TSPO Ligand Binding Sites but does not Alter Binding Affinity in Brown Adipose Tissue {#s3c}
---------------------------------------------------------------------------------------------------------------------------

We next performed competition binding assays to determine the total number of binding sites available (Bmax) and the affinity of the ligand for the receptor (K~d~) in BAT of DIO animals compared to lean controls ([Fig. 5](#pone-0079980-g005){ref-type="fig"}). In BAT from DIO mice, the K~d~ was not different from lean controls (DIO: 28.2 nM; lean 30.4 nM). However, there was a difference in the BAT Bmax between the two groups (DIO: 87292±18506 fmol/mg; lean: 113313±25032 fmol/mg protein). Unfortunately, due to the limited number of mitochondria that are obtained from WAT we were not able to perform the competition binding assay in this tissue.

![Diet-induced obesity is associated with a reduced number of TSPO ligand binding sites in brown adipose tissue.\
Homologous competition binding assay of TSPO ligand ^3^H-PK11195 with increasing concentrations of unlabeled PK11195 in brown adipose tissue (BAT) mitochondrial extracts shows a change in Bmax with no change in K~d~. n = 3 for each group.](pone.0079980.g005){#pone-0079980-g005}

The Amount TSPO Ligand Binding is not Regulated in BAT by Acute Fasting or Cold Exposure {#s3d}
----------------------------------------------------------------------------------------

Following the observation that TSPO is down-regulated by obesity in BAT mitochondria ([Figs. 2](#pone-0079980-g002){ref-type="fig"} and [3](#pone-0079980-g003){ref-type="fig"}), we next questioned whether acute metabolic challenges could affect TSPO expression. There was no significant difference in relative TSPO ligand binding in fasted mice compared to BAT from fed controls ([Fig. 6A](#pone-0079980-g006){ref-type="fig"}; *p = *0.1853). Similarly, there was also no significant difference in relative TSPO ligand binding in BAT from mice exposed to cold temperatures for 4 hours as compared to controls housed at room temperature ([Fig. 6B](#pone-0079980-g006){ref-type="fig"}; *p* = 0.6163). Exposure of mice to cold temperatures for 4 hours was sufficient to increase gene expression of uncoupling protein 1 (UCP1) in BAT ([Fig. 6C](#pone-0079980-g006){ref-type="fig"}).

![TSPO is not regulated in brown adipose tissue by fasting or cold exposure.\
Binding of TSPO ligand ^3^H-PK11195 in brown adipose tissue (BAT) mitochondrial extracts from mice fasted for 17 hours (A; n = 13--14) or exposed to 4--8°C for 4 hours (B; n = 8--9) revealed no significant differences in specific binding when compared to the fed (*p* = 0.1853) or room temperature (RT; *p* = 0.6163) control animals for each group respectively, as determined by unpaired t-test. BAT UCP1 mRNA was significantly increased in mice exposed to 4--8°C for 4 hours as compared to their control animals maintained at room temperature (C; n = 5/group). Data are expressed as mean ± standard error. \**p*\<0.05 was determined by unpaired t-test.](pone.0079980.g006){#pone-0079980-g006}

TSPO Ligand PK11195 Alters Expression of Metabolic Genes in WAT {#s3e}
---------------------------------------------------------------

It was recently demonstrated by Gut and colleagues [@pone.0079980-Gut1] that treatment with the TSPO ligand PK11195 induces transcriptional changes in metabolic genes in the mouse liver. Following the same treatment paradigm as described in those studies, we evaluated transcriptional changes in genes involved in metabolism in WAT after administration of vehicle or PK11195 (5 mg/kg body weight). We observed a 31% decrease in the expression of the gene which encodes phosphoenolpyruvate carboxykinase (PEPCK; *pck1)* in WAT from PK11195-treated animals as compared to their vehicle-treated controls ([Fig. 7A](#pone-0079980-g007){ref-type="fig"}; *p* = 0.0084). In PK11195-treated animals, we also observed a 37% decrease in *srebf1* which encodes for sterol regulatory element-binding protein 1 (SREBP1; [Fig. 7B](#pone-0079980-g007){ref-type="fig"}; *p* = 0.0006), as well as a 55% increase in the hormone sensitive lipase (HSL; [Fig. 7C](#pone-0079980-g007){ref-type="fig"}; *p* = 0.0163) gene *lipe*.

![TSPO ligand PK11195 treatment alters mouse WAT metabolic gene expression.\
Intraperitoneal administration of PK11195 (5 mg/kg) in 8--10 week-old male C57BL/6 mice significantly decreased the expression of *pck1* (A) and *srebf1* (B) genes in WAT and significantly increased the *lipe* gene expression (C) as compared to vehicle-treated controls. Data are expressed as mean ± standard error. n = 6--8 for each treatment group. Statistical significance of \*p\<0.05, \*\*p\<0.01, and \*\*\*p\<0.001 was determined by unpaired t-test.](pone.0079980.g007){#pone-0079980-g007}

Discussion {#s4}
==========

Previously named the peripheral benzodiazepine receptor (PBR) for its ability to bind certain benzodiazepines in peripheral tissues, TSPO sits predominantly in the outer-mitochondrial membrane [@pone.0079980-Papadopoulos2]. TSPO has been implicated in several vital mitochondrial processes including: i) binding to the voltage-dependent anion channel (VDAC) and adenine nucleotide translocase (ANT) as part of the mitochondrial permeability transition pore (mPTP; [@pone.0079980-McEnery1]); ii) regulation of ROS formation and apoptosis [@pone.0079980-Carayon1], [@pone.0079980-Veenman1]; and iii) regulation of cellular respiration and energy production [@pone.0079980-Hirsch2], [@pone.0079980-Lacapre1]. Perhaps the most well studied function of TSPO is uptake of cholesterol into mitochondria which is a critical step in steroid production [@pone.0079980-Papadopoulos1], [@pone.0079980-Lacapre1].

Here, for the first time, we have provided evidence that diet-induced obesity reduces TSPO in WAT and BAT on the gene expression level in whole tissue ([Figs. 1B](#pone-0079980-g001){ref-type="fig"} and [2B](#pone-0079980-g002){ref-type="fig"}), as well as on the protein expression level within mitochondrial extracts as demonstrated by ligand binding studies ([Figs. 1D](#pone-0079980-g001){ref-type="fig"} and [2D](#pone-0079980-g002){ref-type="fig"}). The reduction in TSPO expression does not merely reflect the decrease in mitochondrial biogenesis associated with obesity ([Figs. 1C](#pone-0079980-g001){ref-type="fig"} and [2C](#pone-0079980-g002){ref-type="fig"}), as the ligand binding assays were performed on mitochondrial extracts and normalized to the total amount of protein loaded. Furthermore, the reduction in TSPO expression was not a direct result of the exposure to high-fat diet *per se* because we were able to detect a decrease in TSPO levels in mitochondrial extracts from WAT and BAT from the MC4R^−/−^ monogenic mouse model of obesity which were maintained standard chow ([Figs. 3](#pone-0079980-g003){ref-type="fig"} and [4C](#pone-0079980-g004){ref-type="fig"}).

As adipose tissue is heterogeneous we used immunohistochemistry to examine the distribution of TSPO-immunoreactivity. TSPO-immunoreactivity was seen in both adipocytes and F4/80-positive immune cells. The co-localization of TSPO and macrophage marker F4/80 in crown-like structures [@pone.0079980-Cinti1] of obese white adipose tissue ([Fig. 4](#pone-0079980-g004){ref-type="fig"}) is likely to reflect the increased phagocytic activity of these cells as TSPO is known to be up-regulated in macrophages and microglia in multiple inflammatory conditions [@pone.0079980-Venneti1], [@pone.0079980-vanderLaken1].

With an ever growing focus on BAT in the literature, and the factors that govern thermogenesis being of therapeutic interest [@pone.0079980-Stephens1], we next questioned whether or not TSPO could be regulated in BAT by other acute metabolic challenges. We subjected mice to either fasting or cold exposure, two processes which are known to decrease and increase BAT thermogenesis, respectively [@pone.0079980-Boss1], [@pone.0079980-Trayhurn1]. Interestingly, we did not observe any significant changes in TSPO ligand binding in BAT from mice after a 17 hour fast ([Fig. 6A](#pone-0079980-g006){ref-type="fig"}) or 4 hours of cold exposure ([Fig. 6B](#pone-0079980-g006){ref-type="fig"}). In agreement with previously published data [@pone.0079980-VossAndreae1], we confirmed using gene expression analysis that 4 hours of cold exposure was sufficient to increase UCP1 expression in BAT ([Fig. 6C](#pone-0079980-g006){ref-type="fig"}) of cold exposed animals compared to controls housed at room temperature. These findings are in agreement with an earlier study using Ro-5-4864 which demonstrated that 4 hours of acute cold exposure did not regulate TSPO in BAT [@pone.0079980-Hirsch1]. However, it is worth noting that one other study of chronic cold exposure treatment (15 days) in rats did report a decrease in TSPO levels in BAT using the radioligand benzodiazepine ^3^H-flunitrazepam [@pone.0079980-GonzalezSolveyra1], suggesting that chronic exposure to metabolic stressors may be required to regulate TSPO expression in BAT. Though it has been shown that UCP1 is not a critical component of the mitochondrial transition pore [@pone.0079980-Crichton1], to our knowledge, no one has specifically examined whether or not UCP1 has the ability to interact with or regulate the function of TSPO which would be very interesting given their shared location in the outer mitochondrial membrane.

The exact mechanism(s) through which TSPO is being down-regulated in obese mice remains uncertain. It is well known that obese humans often have elevated levels of serum cholesterol [@pone.0079980-Desprs1] which has also been observed in several mouse models of obesity including DIO rodents fed either a HFD [@pone.0079980-Hoffler1] or HFHC diet [@pone.0079980-DimitrovaShumkovska1], as well as in MC4R^−/−^ mice [@pone.0079980-Itoh1]. Furthermore, cholesterol imbalance in WAT is also a feature of obesity; a finding characterized by a dysregulation of cholesterol uptake and efflux within white adipocytes, which results in storage of free cholesterol inside lipid droplets [@pone.0079980-LeLay1]. In enlarged white adipocytes associated with obesity (as seen in [Fig. 1A](#pone-0079980-g001){ref-type="fig"}) cellular cholesterol increases with the size of the cell [@pone.0079980-LeLay1]. Activated BAT has the ability to burn stored lipids for energy [@pone.0079980-Bartelt1]; however, in obesity brown adipocytes undergo a switch from multilocular lipid storage to unilocular storage more characteristic of white adipocytes ([Fig. 2A](#pone-0079980-g002){ref-type="fig"}; [@pone.0079980-Cinti2]). This increase in cholesterol storage in hypertrophic adipocytes in obesity may contribute to the reduction in TSPO documented in our study.

Two other factors associated with obesity-induced disease pathology that may also contribute to the regulation of TSPO in adipose tissue are oxidative stress and mitochondrial dysfunction. Similar to our observations in adipose tissue, a study by Dimitrova-Shumkovska et al [@pone.0079980-DimitrovaShumkovska1] showed that rats placed on a HFHC diet have decreased TSPO expression in the liver and aorta, which correlated with increased oxidative stress in these tissues and systemic hypercholesterolemia. Moreover, it has been suggested that low levels of ROS increase TSPO expression while high levels of ROS decrease TSPO expression contributing to cell death [@pone.0079980-Batarseh1]. Thus, while we have not directly measured ROS in our mice, we can speculate that adipose TSPO expression may be reduced by the high levels of ROS that have been previously demonstrated to be a feature of adipose tissue in obese animals [@pone.0079980-Furukawa1].

Recent work by Gut et al [@pone.0079980-Gut1] indicates that treatment with the TSPO ligand PK11195 in mice increases liver expression of the *pck1* gene which encodes the key metabolic enzyme PEPCK. Here, using the same experimental paradigm, we provide data showing that mice treated with PK11195 have reduced *pck1* and *srebf1* gene expression, and increased *lipe* expression in WAT compared to vehicle-treated controls ([Fig. 7](#pone-0079980-g007){ref-type="fig"}). Glucocorticoids have previously been shown to regulate *pck1* expression in a tissue specific manner; stimulating synthesis in liver and inhibiting synthesis in WAT [@pone.0079980-Meyuhas1]--[@pone.0079980-Nechushtan1]. Furthermore, the synthetic glucocorticoid dexamethasone increases HSL (the protein encoded by *lipe*) in adipocytes [@pone.0079980-Xu2]. PK11195 is known to stimulate the hypothalamic-pituitary-adrenal (HPA) axis in rats [@pone.0079980-Calogero1], resulting in increases in plasma corticosterone. This may contribute observed increase in *lipe* and to the differential regulation of *pck1* observed between liver [@pone.0079980-Gut1] and WAT; however, direct regulation at the cellular level cannot be ruled out. The decrease in WAT *srebf1* gene expression may reflect changes in WAT cholesterol metabolism as a result of modulating cholesterol uptake by TSPO through PK11195 administration.

In summary, our work demonstrates that TSPO is down-regulated in adipose tissue obesity but not by acute metabolic perturbations associated with fasting or cold-exposure. This combined with effects of the TSPO ligand PK11195 on the expression of metabolic genes in WAT provides important initial evidence that TSPO may be a potential therapeutic target for Metabolic Syndrome.
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